Systems biology, which can be defined as integrative biology, comprises multistage processes that can be used to understand components of complex biological systems of living organisms and provides hierarchical information to decoding life. Using systems biology approaches such as genomics, transcriptomics and proteomics, it is now possible to delineate more complicated interactions between circadian control systems and diseases. The circadian rhythm is a multiscale phenomenon existing within the body that influences numerous physiological activities such as changes in gene expression, protein turnover, metabolism and human behavior. In this review, we describe the relationships between the circadian control system and its related genes or proteins, and circadian rhythm disorders in systems biology studies. To maintain and modulate circadian oscillation, cells possess elaborative feedback loops composed of circadian core proteins that regulate the expression of other genes through their transcriptional activities. The disruption of these rhythms has been reported to be associated with diseases such as arrhythmia, obesity, insulin resistance, carcinogenesis and disruptions in natural oscillations in the control of cell growth. This review demonstrates that lifestyle is considered as a fundamental factor that modifies circadian rhythm, and the development of dysfunctions and diseases could be regulated by an underlying expression network with multiple circadian-associated signals.
Introduction
Many organisms develop special circadian systems for adaption and appropriate response to changes in diurnal and nocturnal conditions. To quickly respond to environmental changes, there are higher hierarchical intercellular mechanisms that sense external stimuli such as light and temperature, and synchronize the circadian rhythms of all cells in a human body. The suprachiasmatic nucleus (SCN) of the anterior hypothalamus plays the most important role in circadian systems [1, 2] . The SCN synchronizes internal biological processes to external time cues, and receives environmental light-dark information from both classical photoreceptors, i.e. cone and rod cells, as well as melanopsin-containing retinal ganglion cells via the retinohypothalamic tract [3] . On the other hand, the SCN controls other regions in the brain, particularly the hypothalamus. The paraventricular hypothalamic nucleus is one of the major loci that relays circadian information from the SCN to the rest of the body, and can regulate energy homeostasis [4] . Peripheral organs also show clock gene expression rhythms, but the overall rhythm dampens quickly owing to a gradual loss of coherence between individual cells [5] . Various hormones, such as melatonin (MLT), glucocorticoids (GCs), ghrelin, leptin, adiponectin and insulin can directly or indirectly feedback on central and peripheral clock function ( Figure 1 ). MLT can regulate the sleep-wake cycle and the SCN [6, 7] . The endogenous circadian oscillations of GCs regulate the circadian clock via the SCN to ensure proper temporal coordination of bodily functions with the regulation of GCs and the external daytime environment [2, 8] . The disruption of GCs can cause Cushing's disease and Addison's disease [9] . Ghrelin is secreted from gastric oxyntic gland cells that possess a functional clock, regardless of the light-dark cycle [10, 11] . Glucose can directly affect circadian gene expression in the SCN [12] . When glucose decreases, insulin is secreted from pancreatic b cells; this represents another potential food-inducible clock synchronizer [13, 14] . Leptin is secreted from white adipose tissue when glucose stimulation occurs. By signaling appetite centers in the hypothalamus, leptin promotes satiety and prevents excess energy consumption [15] . Adiponectin possesses insulin-sensitizing and anti-inflammatory properties [16] . Energy homeostasis has a direct link to peripheral clock regulation. The phase relationship between clock gene expression and the transcriptional activity of metabolism-associated genes is variable, suggesting an interplay between local and systemic factors [17] . The circulating levels of a number of hormones vary over the 24 h cycle [18] . The diurnal rhythm of a hormone or metabolite might be a manifestation of control, such as a circadian clock control, or a direct or indirect response to an environmental rhythm such as the light-dark cycle [19] . Circadian rhythms include hormone rhythms and the sleep-wake cycle. Any change in this fine-tuned mechanism leads to clock lesions that might result in arrhythmic behavior, irregular sleep patterns or even severe pathological states of the immune system or metabolism, or even lead to cancer [20] .
Systems biology is an interdisciplinary study that involves molecular biology, mathematics, statistics, computer science and chemistry, and can be used to uncover complex biological networks through optimizing and dissecting global biological data. By integrating experimental and computational research, systems biology approach can determine the periods in biological rhythms, e.g. using Naïve Bayes Classifier method to analyze genome-and gene-scale high-throughput data coupling with in vivo and in vitro experiments validation for discovery of circadian clock components [21] , and provide simplified information for medicinal prediction and prevention [22, 23] . To further assemble and comprehend biological circuits, more systems biology studies using large-scale data obtained from multi-omics analyses, such as genomics, transcriptomics and proteomics, are needed to comprehensively integrate individual systems [24, 25] . For instance, interpretation of gene or protein expression, single nucleotide polymorphisms and methylation of cells enables the identification of biomarkers and pathogenic mechanisms of diseases. In this review, we describe the application of systems biology approaches, involving genomics, transcriptomics, proteomics and biological networks, to study circadian rhythms in animals, as well as how the circadian regulation mechanism impacts the development of diseases.
Circadian feedback loops
The oscillation of mammalian circadian rhythm is composed of three feedback loops of core proteins (Figure 2 ). The most important loop (loop 1) is activated by the circadian locomotor output cycles kaput (CLOCK, and its paralog, neuronal pas domain-containing protein 2, NPAS2) and brain and muscle ARNT-like protein 1 (BMAL1) heterodimer [26, 27] . CLOCK and BMAL1 are transcription factors with a basic helix-loop-helix pas domain [28, 29] . The CLOCK-BMAL1 heterodimer can interact with an enhancer box element (i.e. an E-box containing CACGTG/T consensus sequences) and induce the expression of the repressors period (PER), which includes isomers PER1 and PER2, and cryptochrome (CRY) [30] [31] [32] . These repressors will translocate to the nucleus and inhibit the activity of the CLOCK-BMAL1 heterodimer and limit their own expression [33, 34] . After a period, PER will be phosphorylated by casein kinase 1 (CK1) [35, 36] and degraded through beta-transducin repeat containing E3 ubiquitin protein ligase (b-TrCP) [37] , whereas CRY is degraded by Skp, Cullin, F-box (SCF) ubiquitin ligase complex [38, 39] so that CLOCK-BMAL1 starts a new transcription cycle. Therefore, this time-delayed negative feedback loop produces an oscillation of the downstream output. An E-box is contained in the promoter of retinoic acid receptor (RAR)-related orphan receptor alpha (RORa) and nuclear receptor subfamily 1, group D, member 1 (NR1D1/REV-ERBa), which can inhibit BAML1 by binding with the ROR response element (RORE) in loop 2 [40] . RORa activates the RORE to express BMAL1, NPAS2 and nuclear factor interleukin 3 (NFIL3); however, REV-ERBa represses the RORE [29, 41, 42] , and this element in gene expression is in phase with BMAL1 and in anti-phase to PER2 oscillations [43] . According to this feedback loop, REV-ERBa can regulate period length and affects the phase-shifting properties of the clock. The third loop is composed of D-box elements (TTAC/TA/GTAA consensus sequence). Per contains E-and D-box elements, which are bonded by D-box binding protein (DBP) [35] , and repressed by NFIL3 [44] . NFIL3 contains the RORE, and works with DBP to synergistically regulate Per, which contains D-box [45] , and then participates in the repression of gene expression with E-box [33, 46] . In conclusion, the interactions of these core proteins induce gene expression oscillation and accurately regulate circadian rhythm.
Immune system and circadian rhythm
The immune system could be hampered by disruption of circadian rhythms, such as sleep restriction, jet lag and shift work. Model of mammalian circadian clock mechanism. In mammals, the CLOCK-BMAL1 heterodimer is a primary regulator in the molecular circadian clock mechanism that impacts transcriptional and translational feedback loops composed of a set of core clock genes that oscillate with a 24-hour rhythm. During the day, CCGs activated by the CLOCK-BMAL1 heterodimer are output genes involved in the sleep-wake cycle, cell cycle, feeding rhythms, hormonal oscillations, body temperature and metabolism. During the night, PERs (Per1, Per2 and Per3), CRYs (Cry1 and Cry2), CK1e and CK1d could form complexes to activate negative feedback. Moreover, circadian rhythms can be mediated by external cues, such as estradiol (E2), calcium (Ca 2þ ) and MLT, which are contributed by light, and regulate Per1 transcription.
Low expression of Per and Cry and high expression of Bmal1 could be maintained on each new circadian day with the interaction of circadian genes in positive and negative feedback loops. AC, adenylate cyclase; CRE, cAMP response element; ERa, estrogen receptor alpha; ERE, estrogen receptor response element; HLF, human hepatic leukemia factor; TEF, thyrotroph embryonic factor; FBXL3, F-box and leucine-rich repeat protein 3. A colour version of this figure is available at BIB online:
http://bib.oxfordjournals.org.
Epidemiological research has revealed a greater likelihood of shift workers to be attacked by pathogens. Experiments on animal models also show that mice living under chronic jet lag have lower survival rates after lipopolysaccharide challenges [47] .
In addition to the whole-body immune system, the circadian rhythm exists in several immune cells, such as monocytes [48] , macrophages [49] , T cells [50] , B cells and dendritic cells [51] . For instance, the CLOCK proteins can amplify nuclear factor kappalight-chain-enhancer of activated B cells (NF-kB)-mediated transcription [52] , Per2 mutation can hamper the expression of tolllike-receptor 9 (TLR9) in macrophages and the TLR9-dependent cytokine response [53] . On the other hand, BMAL1 complexes with CLOCK, REV-ERBa and CRY1 play an anti-inflammatory role in immune responses [53] . REV-ERBa regulates the expression of several cytokines such as interleukin 6 or CC chemokine ligand 2, preventing aberrant activation of immune cells [42, 54] . CRY1 inhibits the production of cyclic adenosine monophosphate (cAMP), which is the activator of protein kinase A (PKA) that leads to NF-kB activation through phosphorylation [55] . As a consequence, the circadian genes cooperate and regulate the rhythm of immune cells to maintain normal function for selfprotection.
Metabolism and circadian rhythm
The circadian rhythm of the body interacts tightly with the metabolic state: the circadian clock regulates the catabolic and anabolic pathways of different metabolites while many ingested compounds also adjust rhythm timing [56] . According to animal studies, circadian disruption could lead to obesity, insulin resistance and even b-cell loss [57, 58] . The SCN regulates the circadian rhythm in other organs, mainly endocrine organs, and changes feeding behavior. Bass et al. proposed a model of how different organs reach a stable resonance state by compiling signals from the SCN and exogenous stimuli. From an intracellular aspect, the controls of clock core proteins are accomplished by energy sensing proteins such as 5 0 AMPactivated protein kinase (AMPK) and sirtuin 1 (SIRT1). AMPK phosphorylates CRY in its complex with PER on AMP induction [59] . AMPK also inhibits REV-ERBa by phosphorylation of peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGC-1a). However, under the same condition, the SIRT1-deacetylated PGC-1a is able to complex with RORs and turn on their downstream genes. SIRT1 dissociates PER and CRY from CLOCK and BMAL1 complex by deacetylation and stimulates transcription driven by the latter complex [60] . Conversely, the circadian rhythm controls nutrient metabolism and intermediate metabolism. The liver plays a pivotal role in metabolism, and research has shown that circadian proteins regulate the oscillation of liver metabolites, especially lipids [61, 62] . Through metabolomic studies, Grimaldi et al. revealed that PER1/2 can affect lipid metabolism by the peroxisome proliferator-activated receptor gamma (PPARg) [63] . In addition, REVERBa and REV-ERBb bind to several metabolic-related genes such as lipids, proteins and nucleic acids [64] . BMAL1 deficiency causes premature adipocyte differentiation and leads to fat accumulation in high fat diets [65] . As a result, it is now feasible to determine the specific circadian time by analyzing compound profiles in man while human circadian metabolomic studies advance [66, 67] .
In this review, we include four topics: (1) genomics studies in animal circadian biology by examining DNA polymorphism in circadian rhythm; (2) circadian rhythm transcriptome studies, which are organized into four categories, (i) irregular meals and sleeping time affect the regulation of circadian genes, (ii) circadian gene regulation and cancer, (iii) microRNAs (miRNA) control circadian rhythm and (iv) long non-coding RNAs (lncRNAs) in circadian; (3) circadian rhythm proteomics studies containing three subtopics, (i) circadian proteomics in brains, (ii) circadian proteomics in peripheral organs and (iii) posttranscriptional and posttranslational control in circadian expression; and (4) the networks of the circadian system and cancer comprising two subtopics, (i) dysregulation of circadian clock genes is involved in tumorigenesis and (ii) miRNAs affect cancer network through regulation of clock gene expression.
Genomics studies in animal circadian biology
Genomics involves research and analysis of complicated DNA information from the composition of individual genes to genetic inheritance. Genomics can be used to predict or simulate biological processes occurring at the genome scale coupled with computational or bioinformatics approaches. Numerous gene regulations control protein behavior and chromosome density. With these switch on/off genes, the rhythm of gene expression can be set up and therefore the circadian period can be established. Recently, many techniques have been developed for application to genomics research. These tools make it possible to provide deeper insight into the precise DNA-level regulation during circadian processes. For example, DNA microarray can detect and compare DNA variations between large amounts of contiguous sample sets [68] . Next generation sequencing (NGS), which was developed within a decade, has advanced the properties for analyzing DNA composition and identifying novel sequences at the level of the whole genome [69] . Chromatin immunoprecipitation (ChIP) is able to recognize DNA-binding proteins, and the combination of ChIP and sequencing has more sensitivity and more specificity [69] .
DNA polymorphism in circadian rhythm
Circadian genes, such as Per, Clock, Cry and computationally highlighted repressor of the network oscillator (Chrono), have been shown to regulate daily rhythms in behavior and physiology [21, 70] . However, the circadian genes control the biological rhythms, which influence DNA sequence variation and methylation. Previous studies found that the variable number tandem repeat polymorphism in the circadian gene (Per3) or two non-synonymous polymorphisms in Per2 and Per3 genes can be influenced by diurnal preference. For example, people who have longer DNA sequences of Per3 have a greater preference for mornings [71, 72] . Another important regulation mechanism of circadian rhythm is DNA methylation. When the Bmal1 promoter is hypermethylated, the Bmal1 gene is not expressed even through circadian alteration. In contrast, hypermethylation of the Per2 promoter will induce Per2 gene expression [73] . Additionally, previous studies have used the point mutation of circadian genes to reveal the causes of disease. For instance, the mutation of Clock and aryl hydrocarbon receptor nuclear translocator-like (Arntl) could cause hypoinsulinemia and diabetes owing to the loss of function of Clock and Arntl to inactive downstream genes, such as insulin signaling genes, glucose sensing genes, insulin secretion and b-cell growth genes [13] . In mice, genetic variants of Arntl (Bmal1) and Npas2 genes impact fertility and seasonality [74] . In humans, variation in the Per2 gene increases susceptibility to breast cancer [75] . Interestingly, previous studies have also found that gastrointestinal microbiota exert an influence on circadian rhythm genes, such as Dbp, Per1 and Per2, in the liver or small intestine [13, 76] . We summarize the circadian-related genes regulated by mutant circadian genes using highthroughput data analysis and show them in Supplementary  Table S1 .
Circadian rhythm transcriptome studies
A transcriptome is a collection of all the transcripts, including mRNAs, noncoding RNAs and small RNAs. Global transcriptional profiling allows identification of novel transcripts on a large scale that are potentially involved in circadian biological processes and pathways. Transcriptome analyses have revealed that 5-10% of genes exhibit circadian rhythmicity at steady-state mRNA levels in different organisms or tissues [77] . Circadian transcriptome studies enable us to identify large numbers of cycling transcripts and core-clock components, and reveal complex circadian gene activity or expression of an organism. To date, high-throughput technologies have provided comprehensive studies of circadian transcriptomes in different organisms ( Table 1 ). The hybridization-based approaches involve fluorescence or biotin-labeled cDNAs with small glass slides. The microarray slides are embedded with ordered rows of DNAs, and each DNA spot represents an individual gene. A revolutionary tool for transcriptome, NGS involves massively parallel sequencing to catalog a set of RNA transcripts produced in a cell. This strategy not only allows a more comprehensive understanding of the transcription initiation sites and the cataloging of sense and antisense transcripts, but also improves the detection of alternative splicing events and gene fusion transcripts [89] .
Irregular meals and sleeping time affect the regulation of circadian genes
In Drosophila, genes involved in immune responses show the highest transcript expression at noon, with the lowest expression before dawn [90] . In both liver and skeletal muscle in mice, a large number of clock-controlled genes (CCGs) are associated with cell cycle and cell proliferation [83] . During meals at night, the transcript level of circadian genes in mice is correlated with glycolysis, gluconeogenesis and fatty acid metabolism [90] . Circadian genes in skeletal muscle encompass a broad range of biological processes, such as transcription, signaling and protein/substrate metabolism [86] .
In humans, considerable evidence indicates that genetic changes or irregular lifestyles lead to a collapse of circadian homeostasis [91] . In addition to the SCN and endocrine rhythms, some researchers have found that restricted feeding is highly correlated with the rhythms of liver circadian genes [92] [93] [94] . Li et al. found that restricted mealtimes changed body temperature and elevated the expression of heat shock 70 kDa protein 8, which affected the cell cycle and metabolism-related genes, leading to decreased implanted tumor size [93] . Moreover, researchers have found that desynchrony of wake-sleep timing, shift work or jet lag plays an important role in the disruption of physiological and circadian rhythmicity [94] [95] [96] . Archer et al. [81] and Mö ller-Levet et al. [97] have reported that the transcriptional expression profiles of leukocytes isolated from human blood under restricted or mistimed sleep could interrupt and deregulate many immune response-related genes. Chronic jet lag has been demonstrated to induce lung metastasis of Lewis lung carcinoma via downregulation of N-myc downstream-regulated gene 1, a metastasis gene related to p53-mediated apoptosis [96] .
Circadian gene regulation and cancer
Recent studies found the expression of circadian clock genes has a significant association with various diseases including the prognosis of cancer (Table 2 ). Decreased expression of circadian clock genes, such as Bmal1, Per2 and Per3, were found to be associated with DNA repair systems and to influence the development of colorectal cancer (CRC) [106] . In contrast, the significantly increased hclock1 (human clock1) gene expression is associated with CRC development [107, 108] . The Rev-erba and Bmal1 regulatory transcription loop in CRC could be performed to determine circadian timing of anticancer medication and improve the tolerability of chemotherapy [109] .
Per2 can be seen as a tumor suppressor because Per2 mutant mice are prone to tumors [152] . This gene can also repress epithelial-mesenchymal transition (EMT), a possible pathway of metastasis, through recruiting histone modification proteins and turning off important EMT genes such as Twist, Snail and Slug [98] . Meanwhile, Per1, a tumor suppressor similar to Per2, interacts with cell cycle regulators, such as ataxia telangiectasia mutated (Atm), checkpoint kinase 2 (Chk2), p53, WEE1 G2 checkpoint kinase (WEE1) homolog (S. pombe) and cyclin-dependent kinase 1 (Cdc2). Tumor samples also show low expression of Per1 [153] . A recent study showed that inositol-requiring enzyme 1a, a component in the unfolded protein response, in cancer cells tended to decrease Per1 mRNA and protein expression levels, which can cause further tumor aggravation [154] . BMAL1 acts as a tumor suppressor as well owing to its regulation of p21 and p53 [155, 156] . Additionally, overexpression of BMAL1 can raise the sensitivity of cancer cells toward anti-cancer drugs such as oxaliplatin [157] . However, unlike the above-mentioned proteins, CLOCK plays an ambiguous role, which may differ from distinct cancer types. In CRC, the microsatellite mutation on Clock occurs more often and causes alternation of CLOCK [158] . Inversely, the upregulation of CLOCK by estradiol/estrogen receptor a (ERA) in breast cancer cells promotes cell proliferation [99] . Instead, CRY 1 is positively correlated with tumor progression and poor prognosis, and loss of CRY 1 reduces the risk of cancer [159, 160] . Although the roles of REV-ERBa and RORa remain unclear in the interaction with cancer progression, a recent review points out the potential value of these as drug targets through indirect approaches in cancer therapies [161] . In cancer stem cells, it is interesting that circulating myeloma tumor cells have a circadian distribution, such as normal hematopoietic stem cells [162] . Here, we summarize the circadian gene regulation in different diseases and show in Table 2 ; therefore, we could observe some particular gene or gene sets that are related to several diseases. For instance, Rev-erba expression is associated with breast cancer, CRC and inflammation [54, 99, 106, 109, 100-102, 110, 163] . The Npas2 expression is associated with hepatocellular carcinoma and glioma, even if the relationship between the two diseases is unclear [112, 117] . Interestingly, the regulation of Per genes (Per1, Per2 and Per3) involves in almost all diseases mentioned in Table 2 , except the metabolic imbalance and nerve lesion, which are associated with CLOCK and BMAL1 [60, 127, 128, 133, 136, 137, 147, 148] . Central nervous system has been reported that closely links to the control of metabolism [164] . In mouse liver, it has been reported that CLOCK-BMAL1 heterodimer can control gluconeogenesis, active Per genes at early night and be inhibited by PER in the morning [165] . These studies suggest that disturbances in different circadian genes or gene sets could trigger particular disease networks; moreover, the regulatory mechanisms are complicated and might contain feedback loops to maintain normal circadian rhythm and physiological signals.
miRNAs control circadian rhythm
In addition to the protein-coding transcripts at the mRNA level, non-coding RNAs, such as miRNAs, have been found to play essential roles in circadian regulation. MicroRNAs refer to small noncoding RNAs containing 21-23 nucleotides endogenously involved in mRNAs degradation or translational inhibition, resulting in deregulation of gene expression [166] . Current understanding of noncoding RNAs has revealed the hidden roles of miRNAs in the posttranscriptional regulation of circadian control in various organisms, such as Drosophila [167] [168] [169] [170] , zebrafish [171] , mouse and human [172] [173] [174] [175] [176] [177] . A study on light-induced transcriptome changes in the zebrafish pineal gland using miRNA sequencing revealed the role of miR-183 in downregulating E4bp4-6 mRNA through a 3 0 untranslated region (UTR) target site, resulting in regulation of rhythmic mRNA levels of Drosophila controls the rest: activity rhythms by regulating the Janus kinase/signal transducers and activators of transcription (JAK/STAT) pathway [169] . Other miRNAs identified in Drosophila, such as Dme miR-263a and miR-263b, can exhibit robust clock-regulated rhythms [168] , and the cluster of the premiRNA (miR-959-964) is transcribed under bona fide circadian transcriptional control [170] . In mouse, many miRNAs have been discovered to participate in circadian regulation. For example, miR-142-3p can display robust modulation of Bmal1 3 0 UTR activity in mammalian peripheral oscillators [177] , while miR-122 is involved in posttranscriptional perturbations in the circadian expression of many genes related to hepatic lipid and cholesterol metabolism [172] . In addition, miR-124, miR-132, miR-182 and miR-206 can regulate the expression of Clock and might accelerate the period of clock timing [113, 173, 178, 179] . Several miRNAs, such as miR-219, miR-24, miR-29a, miR-30a, miR-185 and miR -192/194 , have also been identified as regulators of the circadian clock [174, 175, 177] . Table 3 shows studies for miRNA-dependent regulation of circadian control.
lncRNAs in circadian
A novel class of functional RNAs, the so-called lncRNAs, provides an extra layer of gene regulation of circadian rhythm. The lncRNAs are distinguishable from small regulatory RNA because they are longer than 200 nucleotides. Studies of lncRNAs in circadian rhythm are still in their infancy, and their role remains poorly understood. In 2012, two studies showed that novel lncRNAs are associated with circadian control. Coon et al.
identified 112 lncRNAs differentially expressed between day/night within the pineal gland of rats and suggested that these rhythmically expressed lncRNAs might be regulated by the transsynaptic/ cAMP system via a cAMP response element-binding protein (CREB)-based mechanism. In addition, Vollmers et al. demonstrated that 19 of the 123 lncRNAs detected using RNA-sequencing (RNA-seq) exhibited robust oscillations in adult mouse livers. For example, lncRNA AC148977.1 transcripts showed oscillations with peak expression in the evening [180] . In addition, lncRNAs have been shown to be associated with the circadian-related disease, Prader-Willi syndrome, which causes life-threatening obesity in children. The lncRNA 116HG can bind to the transcriptional activator retinoblastoma binding protein 5 (RbBP5) and ensure a physiological circadian rhythm in the brain [181] . In further investigation, these authors reported that mice 116HG deficiency exhibited metabolic disorders owing to the dysregulation of diurnally expressed circadian genes including Clock, Cry1 and Per2, suggesting the important role of novel lncRNA is in circadian control. More investigations are still necessary to gain further insight into noncoding RNA regulation in circadian control.
Circadian rhythm proteomics studies
The term 'proteomics' refers to the large-scale analysis of entire sets of proteins, including the analysis of protein expression, protein-protein interaction and protein posttranslational modification [182] . In the field of circadian biology, the goal is usually to quantitatively compare the differential expression of proteins at different time points. Thus far, quantitative mass spectrometry (MS) is the major technique used in circadian proteomics. MS-based approaches can be classified into two categories: gelbased and gel-free techniques. In the gel-based method, the proteome is separated by gel electrophoresis, followed by analytical techniques. Two-dimensional gel electrophoresis (2-DE), two-dimensional difference gel electrophoresis (2D-DIGE) and 1-DE have all been widely used in the past three decades [183] . However, the sensitivity of gel-based methods is always limited because it is difficult to detect low abundance proteins (even with the use of visible dyes) [184] , proteins with extreme hydrophobicity, acidity and size [185] . The solubility of proteins during protein extraction and electrophoresis shows a problematic representation of total proteins [168] . The co-migration of multiple proteins to the same spot also makes quantitation inaccurate [183] .
To elevate accuracy, sensitivity, speed and the property of high-throughput, the gel-free method is another choice. There are many different labeling techniques, such as (1) [183] . On the other hand, the label-free measurements rely on spectral counting, spectral peak intensities and dataindependent analysis, which can be applied to any system. However, label-free methods are less accurate and more difficult to handle when multiple fractional steps are involved [183] .
Circadian proteomics in brains
The SCN in circadian studies is currently the major target for proteomics analysis. Using 2D-DIGE coupled with MS, several intracellular factors are identified in the SCN. Several factors are involved in circadian-regulated pathways, including cellular metabolism, heat-shock proteins and chaperones [187] . In mice retina, 2-DE coupled with matrix-assisted laser desorption ionization-time of flight MS or nano-liquid chromatography (LC)-MS/MS is used to examine the rhythmic expression proteins and identify many vesicle transport proteins, such as N-ethylmaleimide-sensitive fusion protein (NSF) [188] . NSF is found to direct the formation of soluble NSF attachment protein receptor complexes, and regulates the endocytosis pathway [189] . The synaptic vesicle cycle is considered to contribute to the control of circadian rhymes. In contrast with gel-based methods, Tian et al. used modified shotgun LC-MS/MS analysis, which was improved by concentrating the sample, to identify over 4189 proteins and construct 19 networks, which were involved in metabolism, cell-to-cell signaling, cell cycle regulation and oncogenesis. The guanine nucleotide exchange factor for Ras protein-specific guanine nucleotide-releasing factor 1 is identified in the SCN and is associated with the role the mitogen-activated protein kinase (MAPK) pathway may play in the cytokine-mediated modulation of the circadian system [190] . Besides, in the pineal glands, 2-DE can be used to identify the rhythmic expressions of complement C3 precursor protein [191] , indicating that circadian rhythms are associated with the immune system [192] . Mishra et al. used LC-MS/MS to determine that the expression level of glycolytic enzyme fructosebisphosphate aldolase A, the citric acid cycle enzyme aconitase 2 and gamma aminobutyric acid aminotransferase were upregulated in the hypothalamus when they controlled food intake. Other metabolism-related enzymes as well as glyceraldehyde-3-phosphate dehydrogenase, which are correlated with body weight, showed higher expression in retroperitoneal fat after chronic circadian desynchronization. These findings suggest that a shift in the light-dark cycle might contribute to food intake and body weight gain [193] .
Peptidomics research is another target of circadian biology. For instance, cerebellin-1 was previously only found in the hypothalamus [194] . In 2010, LC-MS/MS was used to identify cerebellin-1 in the SCN [195] . Cerebellin-1, a neuropeptide, is considered as an essential element in intercellular signaling of the brain, and has two forms with rhythmic expression in the cerebellum [196] [197] [198] . In 2013, Lee et al. further identified the peptides that are derived from two cytosolic proteins, cytochrome c oxidase subunit and vimentin, by using label-free integrated precursor ion intensity measurements from chromatographically aligned spectral analysis [199] . Hemopressin derived from cytosolic protein rather than prohormone protein is classified as a non-classical neuropeptide [200] [201] [202] [203] . Using two different label-free quantitative approaches, i.e. a spectral count and spectral index, 24 peptides were identified between daytime and nighttime, including multiple peptides derived from secretogranin II, cocaine and amphetamine regulated transcripts, and proprotein convertase subtilisin/kexin type 1 inhibitor [204] .
Circadian proteomics in peripheral organs
In addition to the SCN, circadian oscillators are found in peripheral organs. In mouse liver, the clock component BMAL1 has been identified in circadian rhythm using 2-DE. For the hepatic proteome, up to 20% of soluble proteins are involved in circadian control, which regulate metabolism, including urea formation and sugar metabolism in circadian oscillations [205] . Using LC-MS/MS coupled with SILAC, some secreted proteins and membrane-bound proteins have been identified that are associated with circadian rhythm. Previously, it was difficult to identify these proteins because of their low abundance [206, 207] . In interactome studies of CK1 delta and epsilon (CK1d and CK1e, respectively) using tandem affinity purification-MS, prohibitin 2 (PHB2) has been identified as a novel regulator of circadian rhythms in human embryonic kidney 293 (HEK293) cells. CK1d and CK1e are reported to be important factors in circadian rhythm regulation [208] and can also inhibit the transcription of core clock proteins, such as PER2. Therefore, PHB2 is considered to play an important role in circadian regulation in a noncatalytic manner [209] .
Posttranscriptional and posttranslational control in circadian expression
A previous study showed that protein levels have a loose correlation with their mRNA levels during the development of the mouse retina [210] . Mauvoisin et al. used the SILAC MS method and extracted total proteins from mice liver at different time points [207] . They found that several proteins related to core hepatic functions were enriched in the day or at night. Furthermore, they compared the proteomics data with the mRNA transcription profile, and found that their expression pattern may not be consistent. About one-half of the rhythmic proteins showed no corresponding rhythmic mRNAs, indicating that posttranslational regulations play an important role in circadian rhymes. Robles et al. showed some circadian proteins that are desynchronized with rhythmic mRNA. The circadian proteins are shown >6 h later than their corresponding transcripts [206] . For example, the ubiquitin proteasome pathway is an important mechanism to regulate circadian rhythm [211] . In addition, the expressions of several ubiquitin proteasomerelated proteins [26S proteasome non-ATPase regulatory subunit 5 (PSMD5), ubiquitin-like modifier activating enzyme 3 (UBA3), ubiquilin 1 (UBQLN1), F-box protein 3 (FBXO3) and ubiquitin-specific peptidase 9, X-linked (USP9X)] were shown at different time points [190] .
Posttranslational control, such as phosphorylation, acetylation, glycosylation, ubiquitination and SUMOylation, can regulate circadian proteins in mammals [212] [213] [214] [215] [216] [217] [218] [219] . Circadian proteins with different phosphorylation states represent antiphasic circadian rhythm [205] . For instance, neuropeptides, manserin and phosphorylated manserin are derived from secretogranin 2 precursor [195] . For circadian acetylome in mice livers, MS-based approaches have been used to identify many acetylated proteins with oscillations of acetylation, which were involved in the metabolic pathway. This indicates a biological connection between the circadian clock and cellular metabolism from the perspective of posttranslational regulation [220] . Moreover, myofilament proteins in a phosphorylated state are also found in circadian rhythm, and thus influence contractility and relaxation of the heart [221] .
Glycogen synthase kinase 3b is an important circadian clock regulator [222, 223] . O-GlcNAc transferase (OGT) was identified as a substrate of glycogen synthase kinase 3 beta (GSK3b) by using a chemical-genetic approach. OGT was found to modulate O-linked N-acetylglucosamine glycosylation levels in CLOCK and PERIOD. Interestingly, Iitaka and Martinek also found that the phosphorylation of OGT by GSK3 oscillates through circadian time, while the expression level of OGT is stable. Moreover, the O-GlcNAcylations of CLOCK and PERIOD proteins were regulated rhythmically to modulate their transcriptional activities. The switch between phosphorylation and O-GlcNAcylation may be an important mechanism to regulate circadian rhythm [224] .
The networks of the circadian system and cancer
In Clock knockout mice model, the CLOCKTRIM network was constructed under Salmonella infection at different time points [225] . In cancer studies, a cancer biomarker, i.e. matrix metallopeptidase 9 (Mmp9), which increased with tumor progression in invasive cancers, could be inhibited by REV-ERBa using a global run-on sequence [226] . In humans, we already know that the SCN, the endogenous circadian system, consists of a central pacemaker that controls any peripheral cellular oscillators in a single cell [227, 228] . Each individual cellular clock is built on a genetic network of transcriptional and translational feedback loops among a set of core clock genes [227, 229, 230] .
Dysregulation of circadian clock genes is involved in tumorigenesis
In breast cancer, it has been revealed that not only estrogen signaling but also the circadian gene regulatory network plays a significant role in carcinogenesis. Per2 transcription can be induced by ERA signaling, resulting in ERA degradation by physical interaction [231, 232] . In addition, PER2 interacts with several nuclear receptors (NR), including REV-ERBa and RORa, to coordinate the transcription of NR-target genes, including Bmal1. Furthermore, BMAL1-CLOCK binds numerous CCGs, which contain Per2, thus generating the circadian transcriptional oscillation [232, 233] . Besides, CLOCK, one of the core circadian regulators, is reported to be involved in single nucleotide polymorphism (SNP) genes and is significantly associated with breast cancer risks, as its effect is altered by estrogen and progesterone receptor status [234] . Previous studies also indicated that promoter hypomethylation of Clock and hypermethylation of Cry2 have been observed in long-term shift workers as well as breast cancer-bearing patients, thereby demonstrating the cancer-relevant epigenetic effects of night shift work [234, 235] . Another gene, Timeless, can be considered a molecular intermediate between the circadian and cell cycle regulatory systems, and may be involved in the tumorigenic process [103] . These results suggest that dysregulation of circadian rhythms can be considered as an important risk factor for breast carcinogenesis.
The findings in dysregulation of clock genes in colorectal carcinogenesis showed that the molecular clockwork operation, e.g. BMAL1, PER1 and PER2, controls cell proliferation, cell cycle, apoptosis and DNA damage response to induce primary CRC [110] . BMAL1, which has a low level and not rhythmic in CRC, can suppress proto-oncogene, c-Myc, and induce tumor suppressor gene, Wee1, to regulate cell cycle progression [152, 236] . c-MYC is a target gene of b-catenin, which is regulated by PER1 and PER2 that involve in DNA damage response pathways and are targeted by BMAL1 [237] . Moreover, BMAL1 is capable of suppressing cancer cell invasion by blocking the activation of the phosphatidylinositol 3-kinase (PI3K)-protein kinase B (Akt)-matrix metalloproteinase-2 (MMP-2) pathway in lung cancer and glioma cells [114] . These clock genes are also considered as prognostic biomarkers. Higher expression of Bmal1 and lower expression of Per1 have the correlation with liver metastasis [238] . Additionally, higher expression of Per2 in colorectal and gastric cancer patients is correlated with better outcomes [118, 238] . In head and neck squamous cell carcinoma, the patients with lower expression of PER1 and PER3 have poorer survival rate [122] .
Furthermore, the highest confidence network of genes influenced by Clock knockdown was described as 'cellular growth and proliferation, cell signaling and interaction'. This network contains several genes relevant to breast cancer, such as significantly upregulated genes annexin A1 (Anxa1) and cluster of differentiation 36 (CD36), which retard breast tumor progression; significantly downregulated genes chemokine (C-C motif) ligand 5 (Ccl5), bradykinin B2 receptor (Bdkrb2) and soluble protein 100 kD nuclear antigen (Sp100), which promote tumor progression [234] . The top functional network affected by Timeless knockdown was designated as 'cellular movement, immune cell trafficking and gene expression', within which every gene has been reported to be involved in carcinogenesis or tumor progression [103] . Moreover, it has been suggested that MLT may facilitate DNA repair by influencing several key genes involved in DNA damage responsive pathways. In the same research, the most significant functional network formed by genes exhibiting altered expression following MLT treatment on mutagen exposure was defined as 'DNA replication, recombination, and repair, gene expression, and cancer', which also consists of many genes with known functions in cancer development [239] . miRNAs affect cancer network through regulation of clock gene expression From the integration of previous studies, we show that core circadian proteins are associated with disease development by regulating miRNAs ( Figure 3A) and cancer-related genes ( Figure 3B ) signal transduction. For instance, miR-132 and miR-219 are the targets of CLOCK/BMAL1 complex and CREB to modulate light-induced clock resetting, which is regulated through MAPK signaling and circadian period length [173] . MAPK pathways are frequently associated with tumorigenesis [240] . miR-24, 29a and 30a can determine circadian clock period by interfering PER1 and PER2 synthesis [173] . In glioma cancer, miR-124 can directly target CLOCK to inhibit cell proliferation and migration through NF-kB activity [173] . Abnormal circadian genes or protein expression are also found in many cancer types and are regulated by disease-related genes [120] (Figure 3C ). These results imply that the pathway crosstalk network is present in humans, and the regulation of circadian clock genes could be linked to tumor progression.
Concluding remarks
In mammals, the daily change in light intensity is a major environmental signal involved in circadian rhythm. The circadian genes could be considered as indispensable genes because they can regulate organism homeostasis such as body temperature, brain waves, hormone production and metabolism owing to the influence of daily, weekly, seasonal and annual rhythms. Here, we have focused on delineating the changes in cellular molecular mechanisms caused by circadian rhythms using a systems biology approach. The results indicate that not only core circadian proteins but also several important regulators of the cell participate in the circadian system. Circadian rhythm can be affected by mealtimes, sleeping habits, shift work or jet lag. A disturbance of the mutual interaction between clock genes and physiological mechanisms has a profound effect on the elevation of disease morbidity, such as chronic disease and cancer. Interference with the temporal sequence of transcription or translation could disrupt signal transduction and secretion to result in perturbation of immune responses, hormone homeostasis and cell fate. These results imply that healthy lifestyle habits could prevent or control diseases. Additionally, there is considerable evidence that gene or protein expression in the circadian system is asynchronous [206, 210] . Recently, Anafi et al. used time-course microarrays, Expressed Sequence Tags data sets and proteomics analysis to determine that Chrono is a functional clock component in circadian molecular dynamics and could interfere histone modification of Clock/Bmal1 target regions [21] . Based on these studies, we could assume that the dynamic mechanisms of the circadian clock, such as posttranscriptional or posttranslational modifications, would be the next important research field. Additionally, collecting realtime samples from healthy individuals or patients with different diseases would facilitate researchers to clarify the interactions of human diseases and circadian rhythm. Therefore, ethical and legal issues would be the future research challenges in circadian rhythm study. Furthermore, the proteomics of the spatial distribution of circadian proteins in particular compartments or organelles remain unclear.
Integrated systems biology and advanced technologies will provide comprehensive information from the genotype to posttranslational expression for studying circadian mechanisms and the relationship between disease progression and clock genes in organisms.
Key Points
• By integrating experimental and computational research, systems biology approach can determine the periods in biological rhythms and provide simplified information for medicinal prediction and prevention.
• Systems biology studies using large-scale data obtained from multi-omics analyses, such as genomics, transcriptomics and proteomics, successfully discover novel genes, miRNAs, lnRNAs and proteins, which play important roles in circadian control.
• Integrated systems biology and advanced technologies will provide comprehensive information from the genotype to posttranslational expression for studying circadian mechanisms and the relationship between disease progression and clock genes in organisms. The dynamic mechanisms of the circadian clock would be the next important research field.
• The crosstalk of circadian clock genes and cancerrelated gene interaction networks links to DNA damage responsive, cellular growth and proliferation, cellular movement and cell signaling in tumor progression.
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